Purpose: To investigate the biochemical origin of the amide photon transfer (APT)-weighted hyperintensity in brain tumors. Procedures: Seven 9 L gliosarcoma-bearing rats were imaged at 4.7 T. Tumor and normal brain tissue samples of equal volumes were prepared with a coronal rat brain matrix and a tissue biopsy punch. The total tissue protein and the cytosolic subproteome were extracted from both samples. Protein samples were analyzed using two-dimensional gel electrophoresis, and the proteins with significant abundance changes were identified by mass spectrometry.
Introduction

D
espite advances in surgery, radiotherapy, and chemotherapy, malignant brain tumors remain rapidly fatal, with a median survival of 12-15 months for glioblastoma and 2-5 years for anaplastic astrocytoma [1] . The accurate detection and localization of brain tumors are crucial for Electronic supplementary material The online version of this article (doi:10.1007/s11307-015-0828-6) contains supplementary material, which is available to authorized users. improved treatment and management. Magnetic resonance imaging (MRI) is an extremely versatile technology that employs water content and water relaxation properties to image the basic anatomy and functions of many organs in the body. MRI became available in the clinic in the 1980s and is now a standard modality for imaging brain tumors. However, the existing standard MRI techniques, such as T 2 -weighted and gadolinium-enhanced T 1 -weighted sequences, are not sufficiently tissue-specific and suffer from some limitations [2, 3] , particularly with regard to specificity in the differential diagnosis of tumor core vs. peritumoral edema, and tumor recurrence vs. treatment effects, which greatly complicate the clinical management of patients with gliomas and impede efficient testing of new therapeutics.
Proteins are not only the building blocks of cells but also execute almost all cellular functions. Proteins in tissues can roughly be classified by their mobility into two types: semisolid proteins (such as nuclear proteins and membrane proteins) that possess solid-like properties and have a very short proton transverse relaxation time T 2 (10 μs) and mobile proteins (such as cytosolic proteins, many endoplasmic reticulum (ER) proteins, and secreted proteins) that rotate rapidly and have a relatively long proton T 2 (tens of ms). Amide proton transfer (APT) imaging [4, 5] is an important molecular MRI technique that is sensitive to endogenous mobile proteins and peptides in tissue [6] . Prior data suggest that there are consistent APT-weighted hyperintensities in animal glioma models [7, 8] and in high-grade gliomas in patients [9] [10] [11] . These studies show that APT imaging for malignant brain tumors has much potential, for example, to differentiate between tumor and peritumoral edema, to separate high-grade from low-grade gliomas, and to detect high-grade gliomas that do not show gadolinium enhancement, all without exposure to contrast agents. APT imaging can also distinguish viable malignancy from radiation necrosis and predict tumor response to therapy [12] [13] [14] .
Although APT imaging is quite unique in the detection and diagnosis of gliomas, the contrast mechanism underlying APT-MRI remains a matter of some controversy. The cell density is generally higher in tumor than in normal tissue (a histopathological characteristic that is evident in malignant gliomas [15] ). It was previously assumed that APT-weighted hyperintensity in gliomas and other cancers [16] [17] [18] [19] [20] is associated with high tumor cellularity and depends on increased mobile protein and peptide content in the tumors, as well as several other factors, such as the upfield nuclear Overhauser enhancement (NOE) effect and tissue pH [21, 22] . In principle, only mobile proteins and peptides (such as those in the cytoplasm) can result in a characteristic amide proton resonance at 8.3±0.5 ppm (or 3.5 ppm downfield from water) [23] [24] [25] , enabling selective radiofrequency (RF) irradiation for APT imaging. However, which protein(s) or peptide(s) dominate APT hyperintensity in tumors is still totally unknown.
Proteomics is a powerful biochemical technique that can be used for the large-scale identification and quantification of proteins in cells and tissues [26] [27] [28] . This approach allows a comparison of normal vs. diseased samples or diseased vs. treated samples at the global protein expression level [29] [30] [31] [32] . For example, Li et al. [31] identified 17 proteins that were uniquely expressed and verified that protein expression patterns can reliably distinguish between normal white matter and astrocytoma and between tumor grades. In addition, Hobbs et al. [30] found that there was a correlation between protein expression profiles and gadolinium enhancement in human glioblastoma. The higher protein number and concentration were seen in gadoliniumenhancing regions than in non-enhancing regions.
In this article, we determined the protein concentrations in total tissue homogenate and the cytoplasmic subproteome and investigated changes in protein profiles of gliomas and the origin of APT-weighted hyperintensity using the rat 9 L gliosarcoma model, by means of an efficient and accurate proteomics method, two-dimensional difference gel electrophoresis (2D DIGE). This technique allows one to compare abundant complex protein mixtures by separating proteins, according to their isoelectric point and molecular weight. We aimed to identify some key mobile proteins that likely correlate with the APT-weighted imaging hyperintensity of this brain tumor model.
Materials and Methods
L Tumor Implantation
The Johns Hopkins Animal Care and Use Committee approved all experiments. Seven Fischer 344 rats (male; 8-10 weeks; 150-200 g) were anesthetized by an intraperitoneal injection (3-5 ml/kg, ketamine hydrochloride 25 mg/ml, xylazine 2.5 mg/ml). A midline scalp incision was made, exposing the sagittal and coronal sutures. A small burr hole was made approximately 3 mm to the right of the sagittal suture and 1 mm anterior to the coronal suture. A needle was placed into the burr hole at a depth of 5 mm from the skull surface. 9 L tumor cells (25,000 in 2 μl media for each rat) were injected over 3-4 min. After infusion, the needle was left in place for 5 min before withdrawal. The skull wound was sutured with wound clips.
MRI Experiments
MRI data were acquired using a horizontal bore 4.7 T BioSpec animal imager (Bruker BioSpin, Billerica, MA), with an actively decoupled cross-coil setup (a 70-mm body coil for RF transmission and a 25-mm surface coil for signal reception). Thirteen days after tumor implantation, rats were re-anesthetized with 5 % isoflurane in a mixture of 75 % air and 25 % O 2 for 5 min, followed by breathing of 1.5-2.5 % isoflurane through a nose cone during MRI procedures. The rat head and body were fixed and taped to the coil and cradle to avoid motion artifacts. Rats that were prone in the magnet were monitored online through a small-animal respiratory-gating system connected fiber optically, and the breathing rate of the animal was kept at 40±5 breaths per min by adjusting the isoflurane ratio (1.5-2.5 %) in the breathing mixture.
Several different MRI sequences were acquired for each animal. First, high-resolution, T 2 -weighted imaging in both the horizontal plane (matrix=256×192; field of view=42×32 mm 2 ) and the coronal plane (matrix=192×192; field of view=32×32 mm 2 ) was acquired (fast spin echo; echo train length=8; repetition time=3 s; effective echo time=64 ms; five slices; slice thickness 2 mm; number of averages = 2). Then, APT-weighted imaging was acquired (offsets=±3.5 ppm; repetition time=10 s; echo time= 30 ms; saturation power=1.3 μT; saturation time=4 sec; 16 averages). To correct for B 0 inhomogeneity effects on APT imaging, slab shimming (thickness 7.5 mm) around the image slice and adjustment of the scanner transmitter frequency were performed prior to APT data acquisition. Conventional magnetization transfer ratio (MTR) images at an RF saturation frequency offset of 10 ppm (2 kHz at 4.7 T) were acquired, which had the same experimental parameters as the APT scans. Single-shot, spin-echo, echo-planar imaging was used for data acquisition (matrix=64×64; field of view=32×32 mm 2 ; single slice; slice thickness=2 mm). The image geometry was imported from one of the coronal T 2 -weighted images that showed the largest tumor.
Brain Image Data Analysis
All data processing procedures were performed using Interactive Data Language (IDL; Version 7; Exelis Visual Information Solutions, Inc., Boulder, CO). The acquired raw images were interpolated to 384×384. The APT-weighted images were quantified by the MTR asymmetry at ±3.5 ppm with respect to water: MTR asym (3.5 ppm)=S sat (−3.5 ppm)/S 0 −S sat (+3.5 ppm)/S 0 (where S sat and S 0 are the signal intensities with and without RF irradiation), thresholded to remove pixels outside the brain based on the S 0 image, and displayed using a window of −8 to 8 %. The MTR map was obtained at an offset of 10 ppm, using the equation: MTR (10 ppm)=1−S sat (10 ppm)/S 0. The quantitative analysis of APT imaging was performed in areas where tissues were sampled for proteomics (25 to 30 pixels on the APT-weighted images). The signal abnormalities on the high-resolution, T 2 -weighted images were used as a reference to define regions of interest. Contralateral normal-appearing, relatively homogeneous brain tissue was used for comparison. The average APT imaging intensities for the tumors and the corresponding contralateral brain regions were calculated, and the results were represented as mean±standard deviation. In addition, tumor volumes were manually measured as the sum of all tumor voxels in all slices on the high-resolution T 2 -weighted images. A paired t test was used to determine whether the observations were significant. The level of significance was set at PG0.05.
Tissue Sample Preparation
This study required an accurate method for dissecting the same volumes of tissue samples from both tumor and normal regions [33] . Figure 1 shows some special tools used for tissue sample preparation: a rat brain slicer matrix at an interval of 2 mm and a 3-mm-diameter biopsy punch (Zivic Instruments, Pittsburg, PA). After APT scanning, the rat was anesthetized and decapitated. The brain was rapidly removed, rinsed with ice-cold phosphate-buffered saline (PBS), and placed into the rat brain matrix. Precise 2-mmthick coronal brain slices were cut corresponding to preoperative MRI scans. Small tissue pieces from normal and tumor regions were excised with the 3-mm-diameter biopsy punch and frozen with liquid nitrogen immediately. All the tissue samples were stored at −80°C before the protein extraction.
Protein Extraction and Concentration Determination
Total protein extraction was performed using the PlusOne Sample Grinding Kit (GE Healthcare, Piscataway, NJ) according to the manufacturer's recommended protocol. Each tissue sample (~15 mg) was lysed with 1 ml lysis buffer (8 M urea, 2 M thiourea, 4 % CHAPS, 1 % dithiothreitol (DTT)). After centrifuging for 10 min at maximum speed (12,500 rpm), cellular debris was removed, and the clear supernatant was carefully collected. Total protein extracts were aliquoted and stored at −80°C for the further use. Cytosolic proteins were extracted with ReadyPrep™ Protein Extraction Kit (Bio-Rad Laboratories, Inc., Hercules, CA). Total protein and cytosolic protein concentrations were determined using the CB-X Protein Assay (Geno Technology Inc., Maryland Heights, MO). The average concentration value for each sample was obtained from triplicate measurements.
2D DIGE
The 2D DIGE method labels protein samples with fluorescent dyes before 2D electrophoresis, enabling the accurate analysis of Fig. 1 Illustration of the fresh rat brain tissue sample preparation. The brain was placed into a rat brain matrix with intervals of 2 mm (Zivic Instruments, Pittsburgh, PA) and then cut by blades (red lines). Two tissue samples from tumor (red arrow) and contralateral normal (green arrow) regions were punched with a 3-mm-diameter biopsy punch (Zivic Instruments, Pittsburgh, PA). Tissue samples from the tumor (red circle) and contralateral normal (green circle, primarily gray matter) regions of equal volumes (2 mm thickness and 3 mm diameter) were obtained. differences in protein abundance between samples, which we exploited to compare the tumor and contralateral normal brain region of each individual animal. In this study, protein labeling was performed using the CyDyes DIGE Fluors, developed for fluorescence 2D DIGE technology (GE Healthcare). Protein samples (50 μl) were labeled with the respective fluorophores: Cy2 blue for an equal mixture of normal and tumor extracts (unused in this study), Cy3 green for normal extract, and Cy5 red for tumor extract. Thus, yellow spot 2D DIGE images would represent the equal protein amounts in the normal brain and tumor tissues (adding red to green yields yellow). The labeled protein samples (50 μl of each, total 150 μl) were combined, and rehydration buffer was added (8 M urea, 2 %w/v CHAPS, 0.1 % bromphenol blue, 20 mM DTT, and 1 % IPG buffer) (GE Healthcare) to a final volume 340 μl. Immobiline Dry Strips (18 cm, pH 4-7) (GE Healthcare) were rehydrated at 50 V for 12 h and then gradually increased to 10,000 V and kept constant until 100,000 V h. Ten percent Bis-Tris polyacrylamide gels were used for the seconddimension sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After SDS-PAGE, CyDye-labeled proteins were visualized using a TyphoonTM 9410 imager (GE Healthcare). The scanned gels were analyzed using the DeCyderTM 2D 6.5 software (GE Healthcare). The spot volumes were detected using the differential in-gel analysis (DIA) mode according to the manufacturer's user manual. To prepare the gel spots for protein identification purposes, 200 μl of proteins were subjected to 2D gel electrophoresis as indicated above, without CyDye labeling. At the end of the run, the gels were removed and fixed in a solution containing acetic acid/methanol/water (5:45:50, v/v/v) for 1 h, followed by another hour of methanol/water (1:1, v/v) and three washes for 5 min in water. Staining was performed with silver nitrate. An Epson 10000XL Fastsilver Imager (Agilent, Wilmington, DE) was used to visualize silver-stained gels.
In-Gel Tryptic Digestion and Peptide Desalting
After gel image acquisition, the interesting, large protein spots were excised and subjected to in-gel tryptic digestion. After digestion, peptide samples were dissolved with 10 μl 0.1 % trifluoroacetic acid (TFA) water for desalting with ZipTip C18 pipette tips (Millipore, Billerica, MA). The eluted samples were used directly for mass spectrometry analysis with a matrix-assisted laser desorption/ionization (MALDI)-time of flight (TOF)-TOF mass spectrometer or dried by Speed Vac and redissolved in 1 % TFA for analysis using the electrospray on an LTQ-Orbitrap mass spectrometer.
Mass Spectrometry Analysis and Protein Identification
Mass spectra were acquired with a 4800 Plus MALDI-TOF/TOF TM mass spectrometer (Applied Biosystem, Foster City, CA) and LTQOrbitrap mass spectrometer (ThermoElectron, San Jose, CA). The samples were first analyzed using the MALDI-TOF-TOF mass spectrometer. Then, 0.5 μl of sample solution were placed on the plate and covered with 0.5 μl of 50 mM alpha-hydroxycinnamic acid in 0.1 % TFA, 70 % acetonitrile, and then dried before being put into the instrument. Spectra were recorded by accumulating 100-200 laser shots, depending on the quality of the sample.
Peptide mass fingerprints were internally calibrated to monoisotopic trypsin autolysis peaks (m/z= 515.33, 842.51, 1045.56, 2211.11). Mascot search programs from www.matrixscience.com were used to obtain protein(s). The instrument used to acquire tandem mass spectrometry was an LTQ ion trap/orbitrap mass spectrometer equipped with an online nano2D HPLC (Eksigent, CA). Peptides were trapped on a peptide trap (3 cm, 75 μm, packed with irregular size particles of 5-15 μm, 120 Å, YMC ODS-AQ) and further separated on a reverse-phase analytical column packed with 10 cm of C18 beads (360×75 μm, 5 μm, 120 Å, YMC ODS-AQ, Waters, Milford, MA), with a 10 μm emitter tip (New Objective, Woburn, MA) attached. The HPLC gradient was 5-40 % B for 30 min (A, 0.1 % formic acid; B, 90 % acetonitrile in 0.1 % formic acid) and then quickly increased to 90 % B before returning to initial conditions. The flow rate was 300 nl/min. The LTQ-Orbitrap-Velos data were searched against the
com).
Results Figure 2 shows the T 2 -weighted, APT-weighted, and MTR images of 9 L gliosarcoma in a rat (post-implantation day 13). Tumor volumes for all rats were roughly estimated to be 172.8±26.4 mm 3 . Compared to the contralateral normal brain region, the tumor showed hyperintensity on both the T 2 -weighted and APT-weighted images and hypointensity on MTR images. Table 1 quantitatively compares the APTweighted and MTR signal intensities measured from the tumor and contralateral normal brain regions (n=7). The average APT-weighted signal intensities were significantly higher in the tumor tissue than in the contralateral normal brain tissue (3.06±1.14 % vs. −1.27±0.75 %; PG0.001), as reported previously [7, 8] . The negative APT-weighed value indicated the contribution to the measured signal from the NOE. However, the average MTR intensities were significantly lower in the tumor tissue than in the contralateral normal brain tissue (26.1 ± 12.3 % vs. 36.1 ± 9.8 %; PG0.001).
Immediately after MRI scanning, fresh rat brains were rapidly removed, and tumor and contralateral normal tissue (primarily gray matter in this study) samples with the same volume (2 mm thickness and 3 mm diameter) were obtained. The total proteins (n=4) and cytosolic proteins (n=3) were extracted, and their concentrations were determined. As shown in Table 1 , there was no significant difference between the measured total protein concentrations of tumor and normal tissues (0.99±0.02 vs. 1.02±0.10 μg/μl; P=0.7). However, the measured cytosolic protein content in tumor tissue samples was significantly higher than that in normal tissue samples (0.88±0.12 vs. 0.63±0.12 μg/μl; PG0.05).
2D DIGE was carried out on total protein samples to identify key proteins that may cause the APT signal difference between tumor and normal tissues. Figure 3 shows the protein expression profiles from tumor and normal regions within the same brain for four rats. Protein profiles for both tumor and normal regions showed very similar patterns between all four rats; however, there were remarkable proteomic pattern differences in protein species and concentration between the tumor and normal brain tissues of the same volume. Over 1000 protein spots were detected on all 2D gels. The 72 most abundant protein spots were chosen for mass spectrometry studies, and 45 proteins were identified successfully ( Supplementary  Fig. S1 and Table S1 ). Some proteins appeared at multiple spots, suggesting the presence of posttranslational modifications. Table 2 shows the relative volumes of all identified protein spots, in which tropomyosin alpha-3 chain or TPM3 in the normal tissue (that had a moderate volume) was assigned to be one. Roughly, mobile proteins in biological tissues include cytosolic proteins, ER proteins, and secreted proteins, all of which remain in relatively liquid cell compartments. The measured cytosolic protein content in Table 1 , which was higher in tumor tissue than in normal tissue, may include some secreted proteins. However, semisolid proteins include nuclear proteins, membrane proteins, and mitochondrial proteins, which might not contribute to measured APT-weighted signals.
Supplementary Table S2 shows 32 abundant, significantly changed proteins (±1.5-fold; 16 upregulated and 16 downregulated) in the tumor, compared to the contralateral brain tissue, based on their subcellular localization. Figure 4 shows these 16 significantly upregulated proteins on the 2D DIGE image. In particular, six cytosolic proteins, including ANXA5, TPT1, CRABP1, TXN, S100A4, and S100A6; four ER proteins, including HSP90B1, HSPA5, PDIA6, and PDIA3; as well as five secreted proteins, including ALB, SERPINA3L, SERPINA3K, SERPINA1, and LGALS1, were significantly upregulated in the tumor. Some of these proteins were identified and reported as tumor markers in previous studies, including ANXA5, S100A4, S100A6 [34] , HSPA5 [35] , PDIA6, ALB [36] , and LGALS1 [37] .
Discussion
In standard proteomics studies, equal amounts of protein are loaded onto 2D gels to compare the expression of specific proteins. In this study, to match the MRI observations, we compared proteins that were extracted from equal volumes of normal and tumor tissue samples [33] . Although the total protein concentrations in the tumor and contralateral normal brain tissue were essentially the same in the 9 L brain tumor model, this may not be the case for other models and patients. Similar to some early methods [38, 39] , we used a rat brain slicer matrix and a tissue biopsy punch, both made from high-grade stainless steel. To avoid the protein degradation, it is crucial to perform the procedures quickly and keep the equipment on ice at all times.
It is important to keep in mind that APT imaging is designed to detect Bmobile^proteins and peptides in tissue, while conventional MT detects Bsemi-solid^macromole-cules (including proteins and lipids). Only mobile proteins (such as cytosolic proteins, many ER proteins, and secreted proteins) could potentially be detected by APT-MRI (where a characteristic amide resonance is required). Thus, the chemicals that contribute to APT and conventional MT signals are totally different. In a recent study (also using the 9 L tumor model) [40] , the total protein content in tissues, measured by standard biochemical methods, was incorrectly used to elucidate the APT-MRI results.
Notably, the measured total protein concentrations of tumor and normal (primarily gray matter in this study) tissues were similar (0.99 ± 0.02 vs. 1.02 ± 0.10 μg/μl, respectively), and the cytosolic protein concentrations were significantly higher in tumor tissue samples than in normal tissue samples (0.88±0.12 vs. 0.63±0.12 μg/μl, respectively), suggesting that the semi-solid protein concentration was likely lower in the tumor. This is consistent with a few previous quantitative MT studies [41, 42] , showing that the semi-solid proton pool sizes are significantly smaller in the tumor than in the normal brain tissue, although the conventional MT imaging is also sensitive to various semisolid lipids in the tissue. These biochemical experimental results were in good agreement with the increased APTweighted signal and decreased MTR signal in the tumor, as reported in this and many previous studies [7, 8, 20] . In addition, Howe et al. [43] quantified the metabolic profiles of human brain tumors using in vivo proton magnetic resonance spectroscopy, and the results showed that the mobile macromolecular proton concentrations for several upfield resonances were higher in human brain tumors than in normal white matter and increased with tumor grade. All mobile proteins (including cytosolic proteins, ER proteins, and secreted proteins) may contribute more or less to the observed APT effects (primarily depending on the amide proton concentration and the amide proton exchange rate). One can assume that each protein in the cytosolic, ER, and secreted groups contributes to APT equally per the spot volume. Based on the spot volumes in Table 2 , it was roughly estimated that about 93.6, 2.9, and 3.6 % of the APT effect in the normal tissue and about 52.0, 9.2, and 38.8 % of the APT effect in the tumor were contributed by the cytosolic proteins, ER proteins, and secreted proteins, respectively. Notably, the contributions from the mobile proteins in the normal tissue (green spots on the 2D DIGE images) to the observed APT-weighted signal are cancelled out by the increased mobile proteins in the tumor tissue (red spots), leading to the observed APT-weighted hyperintensity in the tumor. It seems that tumor tissues contain more complicated protein profiles (including more protein spots or species) than normal brain tissues. Thus, it is very likely that many tumor proteins were not identified due to the relatively low abundance and missed in Table 2 . In addition, small proteins below the 10 kDa cutoff of the 2D DIGE method were not included in Table 2 . However, according to our results (Figs. 3 and 4) , these small proteins may not have a significant concentration. The cytosolic protein content reported in Table 1 may have included some secreted proteins. Based on our experimental results, the secreted proteins, including ALB, LGALS1, and several serine protease inhibitors, were remarkably upregulated in the tumor tissue. These proteins are associated with the aggressiveness of tumors and might contribute to APT contrast enhancement. Based on the MTR asymmetry analysis, the quantified APT-weighted signal in glioma is influenced by both the downfield APT and upfield NOE effects. The upfield NOE includes the narrow and wide components, and the former usually shows a visible dip in the z-spectrum [44] . The narrow component resulted from mobile biomolecules in tissue (including mobile proteins and peptides), and the wide component, previously thought to be the inherent semi-solid MTR asymmetry [45] , resulted from relatively less mobile biomolecules. Our recent study at 4.7 T [44] has shown that the APT-weighted signal is comparable to or predominantly contributed by the APT effect at relatively higher saturation power levels (91.3 μT). Notably, the NOE is actually a positive confounding factor in the APT-weighted image contrast in the tumor. Namely, the APT-weighted image contrast between the tumor and contralateral brain tissue would increase at all saturation powers due to the presence of the NOE [42] .
According to the theory [4] , the APT effect in tissue is primarily related to the mobile amide proton content, the amide proton exchange rate (a parameter that depends on tissue pH), the water content, and the water T 1 . Although the water content is usually higher, and water T 1 is enhanced in tumor, it is extremely important to understand that the effects of these two changes on the APT measurements are mostly compensated for in many diseases [4] . Therefore, assessing the influence of water T 1 in vivo on APT (and also NOE) imaging should be performed cautiously. Very recently, simply multiplying by water R 1 in the APT measurements was improperly used to correct for the influence of water T 1 , Fig. S1 and Table S1 b For upregulated proteins, ratio=tumor spot volume/normal spot volume; for downregulated proteins, ratio=−normal spot volume/tumor spot volume leading to the unexpected APT-MRI results (AREX tumor ≈ AREX normal , insignificantly different between tumors and normal tissues) [40] . Previous 31 P MRS studies demonstrated that the intracellular pH of solid tumors remains neutral to a little alkaline [46] . As the amide proton exchange rate is base-catalyzed in the physiological pH range, the exchange rate increases with pH, thus increasing the APT effect (if the fast-exchange regime is not reached). However, the increased mobile protein concentration in the 9 L glioma, as observed in this study, would make the most contribution to the APTweighted hyperintensity, because only a small intracellular pH increase (G0.1 unit) is often detected in the tumor, with respect to normal brain tissue.
Finally, it should be pointed out that this study is only an initial step in our quest to understand the mechanism behind the APT contrast for differentiating normal from malignant tissue. This study was conducted using only one rat model (9 L gliosarcoma model). Although it is not clear whether these results are specific to the tumor model that we investigated, we believe that the conclusions in this study could be extended to many other brain tumor types that have similar APT intensities, such as the U87 glioma model [13] .
Further studies using other tumor models and, particularly, human tumors are needed to further elucidate the biochemical origin of the APT-MRI signal in tissue.
Conclusions
Compared to the contralateral brain tissue, 9 L gliosarcomas showed significant hyperintensity on both the T 2 -weighted and APT-weighted images and significant hypointensity on MTR images. The measured total protein concentrations of tumor and normal tissues were similar, and the measured cytosolic protein concentrations were significantly higher in tumor tissue samples than in normal tissue samples. The protein expression profiles of tumor and normal tissues showed remarkable qualitative and quantitative differences. Several overexpressed proteins in tumors include some tumor markers, such as ANXA5, S100A4, S100A6, PDIA6, HSPA5, ALB, and LGALS1. It is highly possible that the APT-MRI signal is related to these proteins and can be used as an imaging biomarker for predicting tumor progression and therapy responses. 
